1. Introduction {#sec1-ijms-19-02515}
===============

Analogous to DNA and histone, epigenetic modification to RNA species has been well documented for several decades \[[@B1-ijms-19-02515]\]. More than 100 types of chemical modifications have been identified in native cellular RNAs, including messenger RNAs (mRNAs), ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) \[[@B2-ijms-19-02515]\]. *N*^6^-methyladenosine (m^6^A) is the most abundant modification in eukaryotic mRNAs \[[@B3-ijms-19-02515]\]. Although first discovered in 1974 \[[@B4-ijms-19-02515]\], m^6^A modification has gotten more attention recently since the development of high-throughput sequencing. Benefiting from advancements in techniques that combine m^6^A-specific methylated RNA immunoprecipitation with high-throughput sequencing, it is possible to locate m^6^A in the transcriptome \[[@B5-ijms-19-02515],[@B6-ijms-19-02515],[@B7-ijms-19-02515]\]. m^6^A sites are especially enriched near stop codons, in 3′-untranslated regions (3′ UTRs), and within long internal exons of mRNAs with a consensus sequence of RRACH (R corresponds to G or A; A = m^6^A; H corresponds to A, C, or U) \[[@B5-ijms-19-02515],[@B6-ijms-19-02515]\]. *N*^6^-methyladenosine influences almost every stage of mRNA metabolism, including RNA folding and structure \[[@B8-ijms-19-02515],[@B9-ijms-19-02515]\], maturation \[[@B10-ijms-19-02515],[@B11-ijms-19-02515]\], nuclear export \[[@B12-ijms-19-02515],[@B13-ijms-19-02515],[@B14-ijms-19-02515]\], translation \[[@B15-ijms-19-02515],[@B16-ijms-19-02515]\], and decay \[[@B17-ijms-19-02515],[@B18-ijms-19-02515],[@B19-ijms-19-02515]\], as well as other RNA modifications, such as adenosine-to-inosine editing \[[@B20-ijms-19-02515]\]. As the most common internal mRNA modification found in eukaryotes, m^6^A modification is widely implicated in multiple biological processes, such as circadian rhythm \[[@B13-ijms-19-02515]\], adipogenesis \[[@B11-ijms-19-02515]\], spermatogenesis \[[@B12-ijms-19-02515],[@B21-ijms-19-02515]\], embryonic stem cell self-renewal and differentiation \[[@B22-ijms-19-02515],[@B23-ijms-19-02515],[@B24-ijms-19-02515],[@B25-ijms-19-02515]\], cortical neurogenesis \[[@B26-ijms-19-02515]\], and so on.

However, increasing evidence shows a correlation between aberrant cellular m^6^A level and cancer. Early in 1996, a direct relationship between increased m^6^A mRNA methyltransferase activity and cellular transformation was reported \[[@B27-ijms-19-02515]\]. In 2012, it was observed that the m^6^A content varied significantly across several cancer cell lines, with relatively high levels in HepG2 and MCF7 cancer cell lines, but low levels in prostate cancer cell lines PC3 and PC9 \[[@B6-ijms-19-02515]\], which indicates that cellular m^6^A levels of different cancer types are discrepant. More recently, some researchers have established an effective circulating tumor cell (CTC) capture system and developed a method by which DNA and RNA methylation (5-methyl-2′-deoxycytidine (5-mdC), 5-methylcytidine (5-mrC), and *N*^6^-methyladenosine (m^6^A)) could be detected by mass spectrometry in a single cell \[[@B28-ijms-19-02515]\]. With this method, they discovered significant down-regulation of DNA 5-mdC and up-regulation of RNA 5-mrC and m^6^A in CTCs from the blood of lung cancer patients, which linked DNA and RNA methylation modification to the formation and development of cancer cells \[[@B28-ijms-19-02515]\].

The effect of aberrant m^6^A level on cancer development has also been addressed. One recent study reported that m^6^A levels regulated the premature polyadenylation (pPA) that truncates the gene and affects carcinogenesis \[[@B29-ijms-19-02515]\]. Tumor suppressor genes are frequently truncated by pPA in cancer, which leads their encoded products to be non-functional or dominant-negative. Some tumor suppressor genes, including MAGI3, LATS1, and BRCA1, undergo intronic pPA following large internal exons in breast cancer cells. One major cause is decreased m^6^A levels in these exons in pPA-activated breast cancer cells compared to untransformed mammary cells \[[@B29-ijms-19-02515]\]. Multiple functions of RNA m^6^A methylation and their impact on cancer progression have been well reviewed elsewhere \[[@B30-ijms-19-02515],[@B31-ijms-19-02515],[@B32-ijms-19-02515]\], and we focus here on how mRNA m^6^A modification is aberrantly regulated in cancers. We summarize the function and regulatory mechanism of mRNA m^6^A in carcinogenesis and cancer progression, which highlights m^6^A regulatory factors as potential targets for the diagnosis, prognosis and treatment of human cancers.

2. m^6^A "Writers", "Erasers" and "Readers" {#sec2-ijms-19-02515}
===========================================

m^6^A RNA modification can be installed enzymatically by various methyltransferases, collectively termed m^6^A "writers". The first identified human RNA m^6^A methyltransferase was METTL3. In 1997, a \~200-kDa methyltransferase complex exhibiting methyltransferase activity was isolated from HeLa cell nuclear extract, and a 70-kDa subunit containing the *S*-adenosylmethionine-binding site was identified \[[@B33-ijms-19-02515]\]. Because of its molecular weight, this subunit was named MT-A70 (or METTL3). In 2014, METTL14 was discovered as another RNA methyltransferase, sharing 43% identity with METTL3 and forming a stable heterodimer core complex with it \[[@B34-ijms-19-02515]\]. This METTL3--METTL14 complex functions in cellular m^6^A deposition on mammalian nuclear RNAs ([Figure 1](#ijms-19-02515-f001){ref-type="fig"}). Besides METTL3 and METTL14, Wilms' tumor 1-associating protein (WTAP) has been identified as another component of the human m^6^A methyltransferase complex \[[@B34-ijms-19-02515],[@B35-ijms-19-02515]\]. By interacting with METTL3 and METTL14, WTAP contributes to their localization into nuclear speckles \[[@B35-ijms-19-02515]\]. Moreover, WTAP is necessary for the catalytic activity of m^6^A methyltransferase in vivo. Therefore, WTAP functions as a regulatory subunit in the m^6^A methyltransferase complex and promotes recruitment of the m^6^A methyltransferase complex to mRNA targets \[[@B35-ijms-19-02515]\]. Recently, METTL16 was revealed to be another kind of human m^6^A methyltransferase that binds to pre-mRNAs and non-coding RNAs including the U6 snRNA \[[@B36-ijms-19-02515]\].

Internal m^6^A modification in mammalian messenger and non-coding RNAs is dynamic and reversible. *N*^6^-methyladenosine in RNA can be removed by demethylases, which are termed m^6^A "erasers". In 2011, fat mass and obesity-associated (FTO) protein, an obesity susceptibility factor \[[@B37-ijms-19-02515]\], was revealed as the first RNA *N*^6^-methyladenine demethylase \[[@B38-ijms-19-02515]\]. FTO had efficient oxidative demethylation activity to target the copious *N*^6^-methyladenosine residues in RNA in vitro and affect the amount of m^6^A in cellular RNA in vivo. Later, in 2013, ALKBH5 was discovered as another mammalian demethylase that catalyzes the removal of m^6^A modification on RNA in vitro and in vivo \[[@B12-ijms-19-02515]\]. In addition, the demethylation activity of ALKBH5 significantly influences assembly of mRNA processing factors in nuclear speckles, mRNA export, and RNA metabolism.

Proteins that selectively bind m^6^A can be defined as m^6^A "readers" that exert regulatory functions by selective recognition of methylated RNA. The human YTH domain family 2 (YTHDF2) specifically binds m^6^A-containing RNA as a reader protein and accelerates the decay of m^6^A-modified transcripts \[[@B17-ijms-19-02515]\]. However, YTHDF1 selectively recognizes m^6^A-modified mRNAs and promotes ribosome occupancy of these mRNAs \[[@B15-ijms-19-02515]\]. By interacting with initiation factors, YTHDF1 facilitates translation initiation of its mRNA targets. Although YTHDF1 and YTHDF2 share a great number of common target mRNAs, YTHDF1 binds RNA earlier during the mRNA life cycle than YTHDF2 does. Therefore, YTHDF1-mediated translation enhancement increases translation efficiency in the cytoplasm, whereas the following YTHDF2-mediated degradation controls the lifetime of target transcripts \[[@B15-ijms-19-02515]\]. It presents a dynamic and multi-dimensional mechanism of m^6^A modification in regulating gene expression. YTHDF3, another direct reader protein of m^6^A, promotes protein synthesis through cooperation with YTHDF1 and affects methylated mRNA degradation mediated by YTHDF2 \[[@B39-ijms-19-02515]\]. Consequently, all three YTHDF proteins may act in a synergistic manner to influence foundational biological processes related to m^6^A modification. Nevertheless, as an m^6^A reader in the nucleus, YTHDC1, has been reported to regulate mRNA splicing \[[@B10-ijms-19-02515]\]. By recruiting pre-mRNA splicing factor SFSF3 while blocking SRSF10 mRNA binding, YTHDC1 enhances exon inclusion of targeted mRNAs. YTHDC2, the final member of the YTH protein family, has been revealed to affect the translation efficiency and abundance of its target mRNAs \[[@B21-ijms-19-02515]\].

Additionally, RNA binding proteins HNRNPA2B1 and eIF3 have also been identified as direct m^6^A readers \[[@B40-ijms-19-02515],[@B41-ijms-19-02515]\] ([Figure 1](#ijms-19-02515-f001){ref-type="fig"}). HNRNPA2B1 binds a subset of primary miRNA transcripts in the nucleus, interacts with the DGCR8 protein, a component of the pri-miRNA microprocessor complex, and facilitates primary miRNA processing \[[@B40-ijms-19-02515]\]. The levels of m^6^A within 5′ UTRs are selectively increased by diverse cellular stresses \[[@B41-ijms-19-02515]\]. eIF3, a component of the 43S translation preinitiation complex, directly binds to m^6^A residues within the 5′ UTRs of mRNAs and promotes cap-independent translation \[[@B41-ijms-19-02515]\]. Recently, insulin-like growth factor 2 mRNA-binding proteins 1, 2 and 3 (IGF2BP1/2/3) have been discovered as a new family of m^6^A readers that recognize and bind m^6^A by their KH domains \[[@B42-ijms-19-02515]\].

3. Function of m^6^A Writers in Cancer Development {#sec3-ijms-19-02515}
==================================================

METTL3, the first identified *S*-adenosylmethionine-binding subunit of the RNA methyltransferase complex, has been identified to play critical roles in multiple cancers \[[@B43-ijms-19-02515],[@B44-ijms-19-02515],[@B45-ijms-19-02515]\]. METTL3 has been reported to inhibit myeloid differentiation of normal hematopoietic and leukemia cells \[[@B43-ijms-19-02515]\]. Moreover, m^6^A modulated by METTL3 promotes leukemogenesis. METTL3 mRNA and protein expression in human acute myeloid leukemia (AML) cells are significantly higher than in healthy hematopoietic stem/progenitor cells (HSPCs) or other types of tumor cells. Furthermore, depletion of METTL3 in human myeloid leukemia cell lines facilitates differentiation and apoptosis and delays leukemia development in recipient mice in vivo. Mechanistically, METTL3 catalyzes m^6^A formation and promotes the translation of specific mRNAs critical for the regulation of proliferation, survival, and differentiation, including c-MYC, BCL2 and PTEN. METTL3 depletion in AML cells reduces the translation of such transcripts, resulting in AKT activation, increased cell differentiation and apoptosis \[[@B43-ijms-19-02515]\]. One recent study demonstrated a vital role of METTL3-regulated m^6^A modification in the maintenance and radioresistance of glioma stem-like cells \[[@B44-ijms-19-02515]\]. METTL3 was upregulated in glioma stem-like cells over the matched differentiated glioma cells and its silencing suppressed tumor growth in vivo. SOX2, one of the glioma reprogramming factors \[[@B46-ijms-19-02515]\], was methylated in its specific sites of mRNA 3′ UTR by METTL3. Together with further recruitment of HuR onto m^6^A-modified sites, SOX2 mRNA was stabilized. Consequently, SOX2 mediated the METTL3-dependent maintenance and radioresistance of glioma stem-like cells \[[@B44-ijms-19-02515]\]. Another recent study reported that METTL3 was associated with chemo- and radioresistance in pancreatic cancer cells \[[@B45-ijms-19-02515]\]. A sphere formation assay revealed that pancreatic cancer cells with METTL3 knockdown showed significantly lower self-renewal abilities than control cells. Moreover, METTL3 depletion enhanced chemo- and radiosensitivity of cancer cells, which suggests that METTL3 has an important role in the acquisition of resistance to anticancer drugs and irradiation \[[@B45-ijms-19-02515]\].

Besides m^6^A methyltransferase activity, METTL3 has also been reported to interact with translation initiation machinery to promote translation of a subset of m^6^A containing mRNAs, independent of its catalytic activity or downstream m^6^A readers \[[@B47-ijms-19-02515]\]. By recruiting eIF3 to the translation initiation complex in the cytoplasm, METTL3 enhanced translation of target mRNAs including two oncogenes, epidermal growth factor receptor (EGFR) and the Hippo pathway effector TAZ. Furthermore, METTL3 expression increased in lung adenocarcinoma, and it promoted growth, survival, and invasion of human lung cancer cells \[[@B47-ijms-19-02515]\]. These findings shed light on a critical oncogenic role of METTL3 in carcinogenesis.

METTL14, another m^6^A writer protein, has also been linked to cancer development. In 2017, one study found that m^6^A modification decreased in hepatocellular carcinoma (HCC), especially in metastatic HCC, and METTL14 was responsible for the aberrant m^6^A modification in this kind of cancer \[[@B48-ijms-19-02515]\]. It was also found that METTL14 knockdown raised the metastatic capacity of HCC, but METTL14 overexpression restrained invasiveness and metastasis in HCC. Mechanistically, METTL14-dependent m^6^A methylation promoted the recognition and binding of DGCR8 to pri-miR-126 and enhanced its processing to mature miR-126. Consequently, miR-126 mediated the suppressive effect of METTL14 in HCC metastasis \[[@B48-ijms-19-02515]\]. However, another study showed that METTL3 was significantly upregulated in human HCC and high expression of METTL3 was associated with poor prognosis for HCC patients \[[@B49-ijms-19-02515]\]. It was shown that depletion of METTL3 restrained HCC growth and metastasis both in vitro and in vivo, but overexpression of METTL3 enhanced HCC cell proliferation and migration, as well as tumor growth in vivo. SOCS2, a known tumor suppressor, was identified to be a downstream target of METTL3. METTL3 methylated SOCS2 mRNA and attenuated its stability by YTHDF2-dependent degradation pathway \[[@B49-ijms-19-02515]\].

Recently, high expression of METTL14 was observed in acute myeloid leukemia (AML) cells with t(11q23), t(15;17), or t(8;21), as well as in hematopoietic stem/progenitor cells (HSPCs). However, expression of METTLl14 and m^6^A level decreased during myeloid differentiation of HSPCs and AML cells \[[@B50-ijms-19-02515]\]. Moreover, METTL14 depletion inhibited AML cell proliferation or survival and promoted terminal myeloid differentiation of normal HSPCs and AML cells. Mechanistically, METTL14 plays a critical role in AML development and maintenance by directly methylating mRNA and regulating mRNA stability and translation. MYB and MYC, two known oncogenic transcription factors that contribute to AML development by inhibiting differentiation and promoting self-renewal of AML cells \[[@B51-ijms-19-02515],[@B52-ijms-19-02515]\], are important targets of METTL14 in AML \[[@B50-ijms-19-02515]\].

4. Function of m^6^A Erasers in Cancer Development {#sec4-ijms-19-02515}
==================================================

As the first identified RNA m^6^A eraser, FTO has been demonstrated to promote leukemic oncogene-mediated cell transformation and leukemogenesis \[[@B53-ijms-19-02515]\]. FTO is activated by several leukemic oncoproteins, and therefore is highly expressed in several AML subtypes (e.g., t(11q23)/MLL-rearranged, t(15;17), FLT3-ITD, and/or NPM1-mutated AMLs). FTO not only promotes cell proliferation/transformation and inhibits apoptosis in vitro, but also significantly facilitates leukemogenesis in vivo. Furthermore, through negatively regulating a set of critical genes (e.g., ASB2 and RARA) in AML as RNA m^6^A demethylase, FTO plays an oncogenic role and inhibits all-trans-retinoic acid (ATRA)-mediated differentiation of leukemia cells \[[@B53-ijms-19-02515]\]. The functional importance of FTO in tumor progression has also been revealed in lung squamous cell carcinoma (LUSC) \[[@B54-ijms-19-02515]\]. MZF1-activated MYC expression has been reported to contribute to progression of lung adenocarcinoma \[[@B55-ijms-19-02515]\]. FTO exerts its oncogenic function in LUSC by enhancing MZF1 expression, through reducing m^6^A levels and increasing the stability of MZF1 mRNA transcripts \[[@B54-ijms-19-02515]\].

Recently, FTO was observed to be elevated in cervical squamous cell carcinoma (CSCC) tissue and promote the chemo-radiotherapy resistance of CSCC \[[@B56-ijms-19-02515]\]. FTO positively regulates β-catenin expression by reducing m^6^A levels in its mRNA transcripts. Subsequently, excision repair cross-complementation group 1 (ERCC1), as a downstream effector of β-catenin, contributes to FTO/β-catenin-induced chemo-radiotherapy resistance in CSCC. Moreover, there is a positive correlation between FTO and β-catenin expression in human CSCC samples, and the combination of FTO and β-catenin confers better prognostic value for overall survival of CSCC than FTO alone \[[@B56-ijms-19-02515]\]. Interestingly, one study links oncometabolite to m^6^A modification in cancer \[[@B57-ijms-19-02515]\]. R-2-hydroxyglutarate (R-2HG), which is generated by mutant isocitrate dehydrogenase 1/2 (IDH1/2) and is regarded as an oncometabolite, also possesses anti-tumor effect in leukemia \[[@B57-ijms-19-02515]\]. By directly binding and restraining the demethylase activity of FTO, R-2HG promotes overall m^6^A modification in R-2HG-sensitive leukemia cells. The stability of transcripts, such as MYC and CEBPA, is impaired by the R-2HG/FTO/m^6^A axis, likely by a YTHDF2-dependent degradation mechanism. Therefore, R-2HG displays anti-leukemia activity by suppressing FTO/m^6^A/MYC/CEBPA signaling, as well as relevant pathways \[[@B57-ijms-19-02515]\].

ALKBH5-mediated demethylation of mRNA *N*^6^-methyladenosine has been linked to cancer stem cell phenotypes. The breast cancer stem cell (BCSC) phenotype is induced by hypoxia, which leads to a reduction in total RNA m^6^A by activating the expression of ALKBH5 in an HIF-dependent manner \[[@B58-ijms-19-02515]\]. NANOG, a pluripotency factor functioning in the maintenance and specification of cancer stem cells, is demethylated by ALKBH5 at an m^6^A residue in the 3′ UTR. As a result, NANOG mRNA is stabilized, and upregulated NANOG contributes to the enhanced percentage of BCSCs under hypoxic conditions \[[@B58-ijms-19-02515]\].

Additionally, ALKBH5 maintains tumorigenicity of glioblastoma stem-like cells (GSCs) \[[@B59-ijms-19-02515]\]. ALKBH5 is required for GSC self-renewal and predicts poor survival of glioblastoma patients. Furthermore, ALKBH5 demethylates FOXM1 pre-mRNA and increases its stability by interaction with HuR \[[@B60-ijms-19-02515]\]. Subsequently, upregulated FOXM1 mediates ALKBH5-dependent GSC proliferation, self-renewal, and tumorigenicity \[[@B59-ijms-19-02515]\]. Recently, another study also reported that RNA m^6^A modification regulated the self-renewal and tumorigenesis of glioblastoma stem cells \[[@B61-ijms-19-02515]\]. It was found that knockdown of METTL3 or METTL14 expression enhanced, but overexpression of METTL3 inhibited, GSC growth and self-renewal. Likewise, inhibition of the RNA demethylase FTO with its inhibitor MA2 reduced GSC-initiated tumor growth and prolonged the lifespan of GSC-grafted mice substantially \[[@B61-ijms-19-02515]\].

5. Function of m^6^A Readers in Cancer Development {#sec5-ijms-19-02515}
==================================================

As an m^6^A reader, YTHDF2 can selectively recognize and bind to m^6^A sites to mediate mRNA degradation \[[@B17-ijms-19-02515]\]. One study demonstrated that miR-145 could target the 3′ UTR of YTHDF2 mRNA and suppress the expression of YTHDF2 at the levels of mRNA and protein in hepatocellular cells, leading to reduced mRNA degradation and increased mRNA m^6^A levels \[[@B62-ijms-19-02515]\]. Moreover, YTHDF2 expression detected by immunohistochemical staining showed that it was closely related to malignancy of HCC, which indicates that it may play an important oncogenic role in liver cancer progression \[[@B62-ijms-19-02515]\]. As another cytoplasmic m^6^A reader, YTHDF1 has been reported to be associated with poor prognosis in patients with hepatocellular carcinoma \[[@B63-ijms-19-02515]\]. Based on The Cancer Genome Atlas (TCGA) data, researchers found that YTHDF1 was significantly enhanced in HCC and was positively correlated with pathology stage. In addition, Kaplan-Meier analysis showed that higher YTHDF1 expression was associated with worse survival of HCC patients \[[@B63-ijms-19-02515]\].

IGF2BPs (IGF2BP1/2/3) are a new family of m^6^A reader proteins that directly bind mRNA transcripts via the consensus GG(m^6^A)C sequence \[[@B42-ijms-19-02515]\] ([Figure 1](#ijms-19-02515-f001){ref-type="fig"}). On the one hand, IGF2BPs can increase the stability of m^6^A-modified mRNAs in the nucleus by recruiting HuR and MATR3, two known mRNA stabilizers. On the other hand, IGF2BPs enhance the translation of m^6^A-containing mRNAs in the cytoplasm. Moreover, IGF2BPs play an oncogenic role in human cancer cells by their oncogenic transcript targets, such as *MYC* \[[@B42-ijms-19-02515]\]. However, YTHDC2 and hnRNPA2B1, two other m^6^A reader proteins, have not been documented for their involvement in m^6^A dysfunction in cancer. In view of their confirmed oncogenic role in tumor \[[@B64-ijms-19-02515],[@B65-ijms-19-02515],[@B66-ijms-19-02515]\], their regulatory function in m^6^A-related cancer progression is deducible, but further experimental verification is still required.

6. Other Protein Factors Involved in Regulation of m^6^A Modification in Cancer Development {#sec6-ijms-19-02515}
===========================================================================================

In addition to m^6^A writers, erasers, and readers, several protein factors have also been identified to modulate m^6^A modification and correlate with cancer development. Zinc finger protein 217 (ZFP217) is a transcription factor that directly activates the transcription of core stem cell genes and regulates the pluripotency of embryonic stem cells and somatic cell reprogramming \[[@B67-ijms-19-02515]\]. In addition, by interacting with METTL3 and eliminating its RNA methyltransferases activity, ZFP217 prevents the deposition of m^6^A at transcripts and enhances their stabilization, including mRNAs of core stem-cell genes *Nanog*, *Sox2*, *Klf4*, and *c-Myc* \[[@B67-ijms-19-02515]\]. Considering the accumulating evidence that ZNF217 plays an essential role in tumor progression, metastasis, and chemoresistance \[[@B68-ijms-19-02515],[@B69-ijms-19-02515]\], it is predictable that ZNF217-regulated m^6^A modification, possibly by interaction with METTL3, is relevant in human cancers. Recently, it was discovered that the oncoprotein hepatitis B X-interacting protein (HBXIP), whose aberrant expression drives the aggressiveness of breast cancer, releases the expression of METTL3 by repressing its inhibitor let-7 g \[[@B70-ijms-19-02515]\]. Interestingly, METTL3 in return activates the expression of HBXIP through m^6^A modification. Therefore, mutual regulation between HBXIP and METTL3 promotes progression of breast cancer \[[@B70-ijms-19-02515]\]. Another recent study revealed that SMAD2/3, members of the TGFβ signaling pathway, which is associated with tumor progression \[[@B71-ijms-19-02515]\], promoted binding of the m^6^A methyltransferase complex to a subset of mRNA transcripts and caused their destabilization and rapid degradation \[[@B72-ijms-19-02515]\]. Thus, the TGFβ pathway may be involved in cancer development by affecting m^6^A epigenetic modification. In sum, these protein factors may participate in cancer progression by regulating expression or function of m^6^A methyltransferases.

7. Conclusions {#sec7-ijms-19-02515}
==============

Multiple lines of evidence show that m^6^A modification of mRNA is deregulated in numerous cancers, and its role in cancers has been verified by both in vitro and in vivo studies. Clarifying the molecular mechanisms that mediate these m^6^A modification changes in RNA and identifying the aberrant expression of m^6^A regulatory factors in clinical biopsy specimens could contribute largely to early diagnosis of cancer, prediction of cancer prognosis, and provision of novel therapeutic approaches for cancer. We summarize here that not only m^6^A writers \[[@B43-ijms-19-02515],[@B44-ijms-19-02515],[@B48-ijms-19-02515],[@B49-ijms-19-02515],[@B50-ijms-19-02515]\], erasers \[[@B53-ijms-19-02515],[@B54-ijms-19-02515],[@B56-ijms-19-02515],[@B57-ijms-19-02515],[@B58-ijms-19-02515],[@B59-ijms-19-02515]\], and readers \[[@B42-ijms-19-02515],[@B62-ijms-19-02515],[@B63-ijms-19-02515]\], but also other protein factors, including oncoprotein \[[@B70-ijms-19-02515]\], transcription factor \[[@B67-ijms-19-02515]\], and signal transduction factor \[[@B72-ijms-19-02515]\], affect m^6^A abundance and function in various cancers ([Table 1](#ijms-19-02515-t001){ref-type="table"}). Therefore, overexpression or depletion of these m^6^A-related factors may alter m^6^A modification in tumors and interfere with cancer progression.

Notably, as shown in [Table 1](#ijms-19-02515-t001){ref-type="table"}, the majority of m^6^A regulatory factors play an oncogenic role in cancers, despite m^6^A writers and erasers performing opposite functions in m^6^A modification. As one striking example, both m^6^A writer METTL14 \[[@B50-ijms-19-02515]\] and m^6^A eraser FTO \[[@B53-ijms-19-02515]\] are found to be highly expressed in AMLs, even in the same subtype---as in t(11q23) and t(15;17)---and play critical roles in AML development. One reasonable interpretation of these paradoxical phenomena may be that the difference in their protein structures determines their substrate specificity \[[@B73-ijms-19-02515],[@B74-ijms-19-02515]\]. By recognizing and targeting different mRNA targets, including oncogenes and tumor suppressors, m^6^A writers and erasers can exert an analogous function in the development of the same cancer type. Additionally, it cannot be overlooked that different reader proteins bind the m^6^A of mRNA targets and confer divergent or even opposite final status. Therefore, developing an effective therapeutic strategy for one cancer type should be based on an overall consideration of the m^6^A writers' and erasers' functions and downstream targets, as well as m^6^A readers' binding to the targets.

Recently, inhibitors of m^6^A-modifying enzymes have also been explored and identified as changing cellular m^6^A abundance. For example, meclofenamic acid was found to be a highly selective inhibitor of FTO in vivo for competing on FTO binding to m^6^A-containing nucleic acid \[[@B75-ijms-19-02515]\]. However, some drugs are suitable for only one specific type of cancer, but not for multiple cancers, because of the heterogeneity of cancer \[[@B76-ijms-19-02515]\]. Consequently, more clinically applicable selective and powerful drugs targeting regulatory proteins of m^6^A are expected to be developed. Elucidating the regulatory mechanism of mRNA m^6^A modification in carcinogenesis and cancer progression would serve to develop m^6^A-related factors as valuable targets for the treatment of human cancers.
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![The writer, eraser, and direct reader proteins of *N*^6^-methyladenosine (m^6^A). m^6^A modification is dynamically regulated by writers (METTL3 or METTL14) and erasers (fat mass and obesity-associated (FTO) or ALKBH5), both of which are localized primarily in the nucleus. In the nucleus, m^6^A can be recognized and directly bound by m^6^A readers YTHDC1, HNRNPA2B1, andIGF2BP1/2/3. In the cytoplasm, m^6^A can be recognized and directly bound by m^6^A readers YTHDF1/2/3, YTHDC2, eIF3, and IGF2BP1/2/3. Recognition and binding of m^6^A by different readers in the nucleus or cytoplasm mediate divergent biological functions. WTAP, Wilms' tumor 1-associating protein.](ijms-19-02515-g001){#ijms-19-02515-f001}
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Function of m^6^A regulatory factors in various cancers.

  Type             Molecule                           Cancer                     Role                                                                     Function                                                         Reference
  ---------------- ---------------------------------- -------------------------- ------------------------------------------------------------------------ ---------------------------------------------------------------- --------------------------
  m^6^A writer     METTL3                             hepatocellular carcinoma   oncogenic                                                                Attenuate SOCS2 mRNA stability                                   \[[@B49-ijms-19-02515]\]
  METTL3           glioma                             oncogenic                  Methylate and stabilize SOX2 mRNA                                        \[[@B44-ijms-19-02515]\]                                         
  METTL3           acute myeloid leukemia             oncogenic                  Control expression of c-Myc, Bcl-2 and PTEN                              \[[@B43-ijms-19-02515]\]                                         
  METTL14          acute myeloid leukemia             oncogenic                  Regulate mRNA stability and translation of MYB and MYC                   \[[@B50-ijms-19-02515]\]                                         
  METTL14          hepatocellular carcinoma           tumor suppressive          Regulate processing of miR-126 by DGCR8                                  \[[@B48-ijms-19-02515]\]                                         
  m^6^A eraser     FTO                                acute myeloid leukemia     oncogenic                                                                Target a set of critical genes including ASB2 and RARA           \[[@B53-ijms-19-02515]\]
  FTO              leukemia                           oncogenic                  Increase stability of Myc/CEBPA transcripts                              \[[@B57-ijms-19-02515]\]                                         
  FTO              cervical squamous cell carcinoma   oncogenic                  Positively regulate β-catenin/ERCC1 axis                                 \[[@B56-ijms-19-02515]\]                                         
  FTO              lung cancer                        oncogenic                  Demethylate MZF1 mRNA and increase its stability                         \[[@B54-ijms-19-02515]\]                                         
  ALKBH5           breast cancer                      oncogenic                  Demethylate NANOG and increase its mRNA level                            \[[@B58-ijms-19-02515]\]                                         
  ALKBH5           glioblastoma                       oncogenic                  Demethylate FOXM1 that promotes GSC tumorigenicity                       \[[@B59-ijms-19-02515]\]                                         
  m^6^A reader     YTHDF1                             hepatocellular carcinoma   oncogenic                                                                Associated with poor prognosis of HCC patients                   \[[@B63-ijms-19-02515]\]
  YTHDF2           hepatocellular carcinoma           oncogenic                  Associated with malignancy of cancer                                     \[[@B62-ijms-19-02515]\]                                         
  IGF2BP1/2/3      cervical cancer, liver cancer      oncogenic                  Stabilize methylated mRNAs of oncogenic targets such as MYC              \[[@B42-ijms-19-02515]\]                                         
  Protein factor   ZFP217                             N/A                        oncogenic                                                                Interact with METTL3 and sequester it into an inactive complex   \[[@B67-ijms-19-02515]\]
  SMAD2/3          N/A                                N/A                        Promote binding of m^6^A methyltransferase complex to mRNA transcripts   \[[@B72-ijms-19-02515]\]                                         
  HBXIP            breast cancer                      oncogenic                  Upregulate METTL3 by inhibiting let-7 g                                  \[[@B70-ijms-19-02515]\]                                         
